Objective-Fluid shear stress plays a role in angiogenesis. Laminar shear stress (LS) promotes endothelial cell (EC) quiescence, whereas oscillatory shear stress (OS) promotes EC turnover and dysfunction, which could lead to pathological angiogenesis. We hypothesized that LS inhibits EC migration and tubule formation, 2 functions important in angiogenesis, by inhibiting the secretion of proangiogenic factors. Methods and Results-Human umbilical vein ECs (HUVECs), human microvascular ECs (HMECs), or bovine aortic ECs (BAECs) were subjected to either LS (15 dyn/cm 2 ) or OS (Ϯ5 dyn/cm 2 ) for 24 hours and used in Matrigel tubule formation or scratch migration assays. Exposure of HUVECs, HMECs, but not BAECs, to LS inhibited tubule formation compared with OS. LS also inhibited migration of HUVECs and BAECs compared with OS. Angiopoietin-2 (Ang2), a known angiogenic protein, was found to be downregulated by LS both in cultured ECs and mouse aortas. Using Ang2 siRNA, Ang2 knockdown blocked OS-mediated migration and tubule formation and the LS-inhibited tubule formation was partially rescued by recombinant Ang2. Conclusions-Our data suggests that Ang2 produced by OS in ECs plays a critical role in migration and tubule formation, and may play an important role in diseases with disturbed flow and angiogenesis. (Arterioscler Thromb Vasc Biol.
F luid shear stress, the dragging force created by flow through blood vessels, is sensed by the endothelium and plays an important role in normal physiological responses as well as disease pathologies. In particular, shear stress is thought to play a role in angiogenesis, or the formation of new blood vessels from preexisting blood vessels. [1] [2] [3] At the cellular and molecular level, unidirectional laminar shear stress (LS) is thought to promote endothelial cell (EC) quiescence; laminar sheared ECs are antiproliferative, antiapoptotic, and antithrombotic. 4 However, oscillatory shear stress (OS), a type of disturbed shear stress implicated in diseases such as atherosclerosis, is thought to promote EC dysfunction; oscillatory sheared ECs are proproliferative, promigratory, prothrombotic, and secrete growth factors that stimulate smooth muscle cell proliferation and migration. 4 The secretion of growth factors from dysfunctional ECs exposed to OS could also play a role in blood vessel remodeling and angiogenesis.
There are several diseases associated with both angiogenesis and disturbed flow, such as atherosclerosis, aortic valve calcification, and arterial occlusion. In atherosclerosis, atherosclerotic plaques preferentially occur in areas of the arterial system exposed to disturbed flow and angiogenesis in the plaque is thought to promote the progression of atherosclerosis. 5, 6 Disturbed flow is found in the aortic valve sinus and angiogenesis in the valve leaflet is associated with calcification. 7, 8 In arterial occlusion, disturbed flow is found in the postocclusive site and angiogenesis is important for the subsequent ischemia. 9, 10 The detailed mechanisms resulting in pathological angiogenesis and neovessel formation remain uncertain. In these physiological and pathophysiological scenarios, fluid shear stress may provide a driving force for angiogenesis.
Here, we hypothesized that LS inhibits angiogenesis by downregulation of the secretion of proangiogenic factors or cytokines. To examine this hypothesis, we carried out gene array and protein array studies specific for angiogenic factors and cytokines, respectively. From these and subsequent functional studies, we demonstrate that LS inhibits angiogenesis through the downregulation of Angiopoietin-2 (Ang2), a secreted protein that is required for postnatal angiogenesis. 11
Materials and Methods
For expanded methods and results, please see the supplemental materials, available online at http://atvb.ahajournals.org.
Cell Culture and Shear Studies
Human umbilical vein endothelial cells (HUVECs), bovine aortic ECs (BAECs), and human microvascular EC line (HMEC-1) were grown to confluence and exposed to unidirectional LS (5 or 15 dyn/cm 2 ), OS (Ϯ5 or Ϯ15 dyn/cm 2 at 1 Hz frequency), or static control (ST) for 24 hours using a cone-and-plate device as described by us. 12
Matrigel Tubule Formation Assay
After shear, cells were trypsinized and resuspended in reduced serum media. Resuspended cells were added to a growth factor reduced Matrigel (BD Bioscience) coated 96-well plate and incubated for 6 hours (HUVECs, HMECs) or 22 hours (BAECs) at 37°C. Tubule formation was quantified microscopically by measuring tubule length using NIH ImageJ.
Scratch Migration Assay
After shear, cell monolayers were scratched with a 200-L pipette tip. The monolayer was washed once and the medium was replaced with M199%-2% FBS (HUVECs) or DMEM-0.5% FBS (BAECs). After 6 hours, the amount of cells migrated into the scratch area were quantified microscopically using NIH ImageJ.
Preparation of Cell Lysates and Immunoblotting
After shear, EC lysates were prepared and analyzed by Western blot as previously described. 13
Real-Time Quantitative Polymerase Chain Reaction
Real-time polymerase chain reaction (PCR) for Ang2 and TSP-1 mRNA quantification was carried out as previously described. 12
Aorta En Face Immunostaining
Male C57/BL6J mice (8 weeks of age, nϭ5) were euthanized by CO 2 inhalation, pressure perfused with saline (0.9% NaCl), and pressure fixed with 10% formalin. The aortic arch and thoracic aorta were isolated and cleaned of adventitia. Finally, a 2-step immunohistochemical protocol was followed as previously described. 14 Images were taken using a Zeiss LSM 510 META confocal microscope.
Ang2 Knockdown by siRNA and Ang2 Addition Experiments
Subconfluent (50%) HUVECs were transfected for 4 hours with 50 nmol/L of Ang2 siRNA (siAng2; MWG Biotech) or nonsilencing siRNA (NS) using Oligofectamine (Invitrogen) in Opti-MEM media (Gibco). For Ang2 addition experiments, recombinant human Ang2 15 was added to CM at concentrations of 50, 200, 500, and 800 ng/mL during Matrigel tubule formation.
Statistical Analysis
Data are reported as averageϮSEM obtained from at least 3 independent studies. Statistical significance (PϽ0.05) was assessed by Student t test using a Microcal Origin statistical package.
Results

LS Inhibits Tubule Formation and OS Does Not Compared With ST in ECs
To determine whether shear stress regulates the tubule forming capability of ECs, we performed a Matrigel tubule formation assay. Static culture conditions (ST), cells cultured under no shear stress, were used as a control for our shear system. However, the majority of arterial endothelial cells in vivo are continuously exposed to shear stress, and static effects are not physiologically relevant. LS is a more appropriate control, representing a healthy "normal" state, which we will compare to OS, our disease state. HUVECs that were preconditioned under static or OS (Ϯ5 dyn/cm 2 ) formed more, longer tubules than those preconditioned under LS (15 dyn/cm 2 ; Figure 1A) . The low level of OS (Ϯ5 dyn/cm 2 ), which is typically found in atheroprone areas of human arteries, 5 also promoted greater tubule formation compared with that of static cells ( Figure 1A ). HUVECs that were exposed to 2 different levels of LS (5 and 15 dyn/cm 2 ) and OS (Ϯ5 and Ϯ15 dyn/cm 2 ) were compared with each other to investigate the magnitude-dependence and directional-dependence of the shear stress effect. LS exposure at both 5 and 15 dyn/cm 2 significantly inhibited tubule formation of HUVECs compared with both low and high levels of OS (Ϯ5 and Ϯ15 dyn/cm 2 ) and ST ( Figure 1A ). This suggests that the unidirectional component of the shear stress plays a greater role than the magnitude of the shear stress in inhibiting tubule formation. Based on this finding, we used 2 typical arterial levels of shear conditions: atheroprotective 15 dyn/cm 2 LS and proatherogenic Ϯ5 dyn/cm 2 OS for the rest of the studies. 5 The inhibitory effect of LS on tubule formation was also observed in ECs obtained from microvascular origins (HMEC-1, Figure 1C ). However, ECs obtained from aortas (BAECs), which are less likely to participate in angiogenesis in vivo, showed no significant differences in tubule formation between LS and OS ( Figure 1D ), suggesting that shear stress does not play a role in tubule formation by aortic ECs.
We next examined whether ECs would produce a secreted factor(s) which regulates shear-mediated tubule formation. We added conditioned media (CM) collected from sheared cells (LS, OS, and ST for 1 day) to static HUVECs in the Matrigel tubule formation assay. LS CM obtained from HUVECs significantly inhibited tubule formation of static HUVECs whereas OS and ST CM did not ( Figure 1B) . Similarly, LS CM from BAECs inhibited tubule formation of static HUVECs compared with OS and ST CM ( Figure 1E ). These results suggest that aortic ECs may not form capillarylike structures by themselves, but they still could produce factors promoting tubule formation in response to OS.
LS Inhibits Migration and OS Does Not Compared With ST
To investigate whether shear stress would regulate EC migration we performed the scratch migration assay. We found that HUVECs and BAECs preconditioned with LS had inhibited migration into the denuded zone compared with ST whereas OS promoted migration with similar results as ST (Figure 2A and 2B ).
Next, we investigated whether a secreted factor(s) in response to shear stress regulates migration. For this study, we added shear CM to static HUVECs or BAECs in a scratch migration assay. LS CM significantly inhibited migration compared with those of both ST and OS ( Figure 2C and 2D ). This suggests that ECs produce a secreted factor(s) which regulates shear-mediated migration.
Shear-Sensitive Angiogenic Genes and Proteins
To identify the genes and the secreted proteins that are responsible for shear-mediated tubule formation and migra- tion, we performed a gene array containing 128 human angiogenic genes and a protein array of 68 human cytokines (supplemental Tables I and II ). Of interest, thrombospondin 1 (TSP-1) was upregulated 14.6-fold by OS over LS. From the protein array, Ang2 was upregulated 3.4-fold by OS compared with LS.
The gene and protein array results for Ang2 were confirmed using real-time PCR and Western blot, whereas TSP-1 was used as an additional control. The CM and cell lysates of HUVECs exposed to LS expressed 2-to 3-fold less Ang2 protein than that of OS ( Figure 3A and supplemental Figure  IA) . The molecular mass of Ang2 is known to be 68 kDa (the upper band), whereas the lower band (Ϸ61 kDa) seems to correspond to Ang2 (443) an alternative splice variant of Ang2. 16 Real time PCR showed that LS exposure significantly downregulated Ang2 mRNA level in HUVECs by almost 7-fold below that of OS ( Figure 3B ). Whereas OS significantly increased Ang2 mRNA levels above that of static, Ang2 protein levels in OS and static cells were similar to each other (supplemental Figure IA and IB) . In this study, the well-known effect of LS on increased endothelial nitric oxide synthase (eNOS) protein level and its phosphorylation at Ser-1177 (P-eNOS) 17 was used as a control for shear experiments (supplemental Figure IA) . TSP-1 protein was downregulated in the CM and cell lysate of HUVECs exposed to LS (supplemental Figure IC) . Static cells and OS-exposed cells expressed similar amounts of TSP-1 protein. Real-time PCR data showed that TSP-1 mRNA level was Ϸ2.5-fold higher in OS exposed HUVECs than that of LS (supplemental Figure ID) , which was not as high as the 14.6-fold change found on the array, which may reflect differences between the array and PCR assays.
Ang2 Is Upregulated at Sites of Disturbed Flow In Vivo
The aortic arch has been shown to be exposed to both unidirectional laminar shear stress in the greater curvature and disturbed, oscillatory shear stress in the lesser curvature. 14 Using en face immunostaining of the aortic arch in mice, we found that Ang2 was downregulated in the atheroprotected greater curvature compared with the atheroprone lesser curvature 14 (Figure 3C and 3D ), suggesting that Ang2 is downregulated by laminar shear stress and upregulated by disturbed oscillatory shear stress in vivo. Ang1 which is known to be unchanged by shear stress 18 was used as a control and found to be unchanged by shear stress in vivo ( Figure 3F and 3G) . Both Ang1 and Ang2 were found only in the endothelium as depicted in orthogonal images of Z-stacks showing stained endothelial cells on top of the internal elastic lamina, with negative smooth muscle cells underneath (supplemental Figure II ).
Knocking Down Ang2 Inhibits OS-Mediated Migration
We next examined whether Ang2 was responsible for shearmediated migration of HUVECs using Ang2 siRNA. Ang2 protein level was significantly and specifically reduced in HUVECs by siAng2 but not by nonsilencing siRNA as determined by Western blot (Figure 4A through 4C) . siAng2 did not knock down Ang1 (Figure 4A) , showing its specific- Figure 3 . Ang2 is upregulated by OS compared with LS in vitro and at sites of disturbed flow in vivo. Confluent HUVECs were exposed to LS, OS, and ST as described in Figure 2 . Cell lysates and CM were used for Western blots with antibodies to Ang2 (A) and total RNA was used for real-time PCR analyses of Ang2 mRNA (B). C57/BL6J mice were pressure fixed with 10% formalin, and the aortic arch and thoracic aorta were isolated. The tissue was incubated with primary antibodies against Ang2 ity for Ang2. Silencing Ang2 significantly inhibited OSmediated migration ( Figure 4D ), suggesting that Ang2 plays an important role in migration. Ang2 knockdown had no significant effect on LS-mediated migration ( Figure 4D ).
Knocking Down Ang2 Inhibits OS-Mediated Tubule Formation, and LS-Inhibited Tubule Formation Can Be Partially Rescued by Recombinant Ang2
Next, we examined whether secreted Ang2 in response to OS was responsible for OS-induced tubule formation. Silencing Ang2 inhibited OS-mediated tubule formation but not LS-mediated tubule formation ( Figure 5A ), suggesting the specific role of Ang2 in OS-mediated tubule formation. We next tested whether the inhibitory effect of LS on tubule formation is attributable to a lack of Ang2 secreted into the CM. To test this hypothesis, recombinant Ang2 protein was added to LS CM in the Matrigel assay. As shown in Figure 5B , recombinant Ang2 partially rescued the inhibitory effect of LS on tubule formation in a dose-dependent manner. In contrast, recombinant Ang2 protein added to OS shear CM did not have an effect on tubule formation ( Figure 5B ), suggesting that Ang2 level in the OS CM already reached a maximum effective level. Ang2 protein is found physiologically at a Cells were then sheared (LS, OS, and ST) for 24 hours as in Figure 2 . Cell lysates and CM were Western blotted with an Ang2 antibody, whereas Ang1 and ␤-actin antibodies were used as controls (A). Ang2 bands were quantified by densitometry (B, C). D, HUVECs transfected with nonsilencing siRNA or siAng2 were sheared for 24 hours and sheared cells were used in a scratch migration assay (meanϮSEM, nϭ3 to 10; *PϽ0.05; #PϽ0.05 compared with ST). Figure 4 were sheared (LS, OS, and ST for 1 day), and CM were collected. CM were then added to static HUVECs in a tubule formation assay. B, CM collected from sheared HUVECs (LS, OS, and ST for 1 day) were added to static HUVECs for tubule formation assay and Ang2 was added at the concentrations indicated. Shown are meanϮSEM, nϭ3 to 6; *PϽ0.05; ϩPϽ0.05 compared with ST; ‡PϽ0.05 compared with LS-0; #PϽ0.05 compared with OS-0).
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concentration of Յ300 ng/mL 19 and therefore physiologically relevant levels of Ang2 can partially rescue LS-inhibited tubule formation. The fact that Ang2 only partially rescues tubule formation suggests that other factors may also be playing a role.
Discussion
In this study we found that: (1) LS inhibits tubule formation in HUVECs and HMECs, but not BAECs, however CM from laminar sheared BAECs can inhibit tubule formation of HUVECs, (2) Preconditioning with LS inhibits migration in HUVECs and BAECs, whereas OS does not inhibit migration and this is mediated through secreted protein, (3) Ang2 is downregulated by LS both at the gene and protein level in vitro, (4) Ang2 is downregulated at sites of LS and upregulated at sites of OS in vivo, (5) Knockdown of Ang2 inhibits OS-mediated tubule formation and migration, and (6) Addition of recombinant Ang2 partially rescues LS-inhibited tubule formation. Collectively, these findings suggest that Ang2 secreted by ECs in response to OS, acts as a promigratory and proangiogenic molecule that could play an important role in diseases with altered shear stress. Fluid shear stress is thought to play a role in angiogenesis and arteriogenesis. In angiogenesis, endothelial proliferation and migration are 2 important responses. It is well established that LS causes a reduction in the rate of EC proliferation. 20 Contrastingly, disturbed flow causes an increase in the rate of EC proliferation. 20 The effect of shear stress on migration appears to be conflicting at first glance. Consistent with our finding, Tardy et al have also shown that ECs exposed to 48 hours of LS continually rearranged their relative position with no net migration, whereas ECs exposed to 48 hours of OS had a 2-fold increase in cell motility. 20 However, Hsu et al reported that LS increases migration of ECs into a scratched area as compared with cells exposed to static and disturbed flow. 21 These discrepancies are likely attributable to differences in experimental conditions: our cells were preconditioned with shear stress for 1 day, then scratched to see what the cell was programmed to do, whereas in Hsu et al's experiments static cultured cells were scratched and then sheared. Our unpublished results indeed confirm Hsu et al's result, suggesting that endothelial migration responses are different depending on when shear stress is applied.
To identify a molecular mechanism for the shear-mediated migration and tubule formation, we performed a gene and protein array from which we identified Ang2 and TSP-1 as being downregulated by LS compared with OS. Both Ang2 and TSP-1 have been previously identified as shear-sensitive in vitro, 18, 22 however it has not been studied how shear stress affects tubule formation and migration through expression of Ang2 and TSP-1. The role of TSP-1 in angiogenesis however is controversial, with most groups claiming it is antiangiogenic and some claiming that it is proangiogenic in certain settings. 23, 24 In our hands, a TSP-1 inhibitory peptide did not show any significant effect on tubule formation induced by OS (data not shown). The downregulation of TSP-1 by LS may be more important in regulating inflammation as TSP-1 has been shown to bind CD36 and promote monocyte binding. 22 Angiopoietin-1 (Ang1) and Tie 2, the shared receptor of Ang1 and 2, were both on the gene array. However, Ang1 was not significantly changed by shear stress. Interestingly, Tie 2 was significantly upregulated by LS compared with OS (supplemental Table IA ). This could be attributable to a compensatory mechanism where either lack of the ligand causes increased expression of the receptor or, conversely, too much of the ligand causes receptor desensitization which decreases the expression of the receptor. In fact, it has recently been shown that Tie 2 is internalized on binding with Ang2 or Ang1, and this internalization could act as feedback to downregulate mRNA expression of Tie 2. 25 Our gene array found that VEGF was unchanged by shear (supplemental Table IB ). VEGF has been shown to be important for the angiogenic potential of Ang2, 11 however Bureau et al found that Ang2 can induce angiogenesis in a VEGF-independent manner. 26 VEGF-C was significantly upregulated by LS compared with OS on our gene array. VEGF-C has been shown to be important in lymphangiogenesis. 27 We identified Ang2 as being downregulated by LS compared with OS, both in vitro and in vivo. Ang2 is a 496-aa-long protein with 6 potential N-glycosylation sites and a secretion signal peptide. 16 Ang2 knockout mice show that Ang2 is not required for embryonic angiogenesis but is requisite for postnatal angiogenesis. 11 Recently, it has been published that after inhibition of the PI3K/Akt pathway Ang2 expression is rapidly induced in ECs by the transcription factor FOXO1. 28 LS is known to stimulate the phosphorylation of Akt 17,29 which inhibits Ang2 expression by phosphorylating and inhibiting FOXO1, 28 suggesting a possible mechanism for the downregulation of Ang2 in response to LS.
Ang2 is thought to be involved in several disease pathologies including cancer, 30 and Ang2 has been found in neovessels of advanced human atherosclerotic plaques. 31 Inhibiting Ang2 may prove to be an effective treatment for these diseases. We were able to show that knocking down Ang2 using siRNA blocked OS-mediated migration and tubule formation, and this effect was partially recaptured by addition of Ang2 to LS shear CM. These results indicate that regulating Ang2 could be used as an effective strategy for patients with diseases, such as atherosclerosis or ischemia that involve pathological angiogenesis.
In summary, we showed that LS inhibited proangiogenic responses whereas OS did not, and this was through an Ang2-dependent manner. Elucidating the role of shear stress in regulating angiogenic signaling molecules such as Ang2 is important for understanding how these forces play a role in blood vessel remodeling and angiogenesis.
